Comparative study between foams made of a pH sensitive surfactant, nonaoxyethylene oleylether carboxylic acid (AKYPO® RO 90 VG) and a classical foaming surfactant, sodium dodecyl sulphate (SDS) was realised using simple microfluidic devices in the scope of Enhanced Oil Recovery (EOR). The influence of injecting fluid parameters such as gas and foaming liquid pressure was investigated and discussed in terms of foam morphology, and lamellae stability and curvature radii. The increasing stability of AKYPO® foam film lamellae by increasing pH is classically explained by the electrostatic repulsive interaction of the double layer in foam film. In other hand, the addition of dodecanol (DOH) on SDS solution seems to have no effect on foam regime and lamellae stability except for high DOH concentration where the foam film shape becomes double bump. The behaviour difference between AKYPO® and SDS lays on the lamellae shape and stability domain. While SDS lamellae stay unchanged with increasing pressure ratio between the gas and the liquid, AKYPO® lamellae curvature radius increases which could be related to surfactants solubilities and structure. These results pointed out the relevance of solution physicochemical parameters on foam stability and flowing and help the understanding of flowing foam in EOR context.
Introduction
Liquid foams are non-equilibrium materials [1] composed of a discontinuous gas phase and a liquid phase. Gas is present in the foam in the form of bubbles, spherical in the case of wet foams and polyhedral in the case of dry foams. Liquid foams are used in many process such as ion separation via flotation, [2] nuclear decontamination [3] or explosion confinement. [4] A recent application [5] proposes using foam in Enhanced Oil Recovery (EOR) process in order *Manuscript Click here to view linked References to extract oil in natural reservoirs. This specific application requires the generation of foams in porous media with the aim of reaching and displacing the oil in place. In porous media, foam's definition is more ambiguous because it is presented as a succession of parallel films, called lamellae, joined together by wetting films on the pore walls. [6] Furthermore, when foams are sufficiently confined, 2D-foams are obtained and their bubbles can distort themselves to adopt a spheroid or cylindrical shape. [1, 6] Foam's lamellae are stabilized by surfactant molecules which adsorb at the liquid/gas interface that could change the local surface properties such as surface viscosity, surface tension or elastic moduli. [1, 7] These properties directly influence the capacity of the foam to transport gas into porous media which is mainly linked to the foam stability during its generation and flowing.
The higher effective viscosity of foam relatively to gas [8, 9] allows to increase the sweep efficiency in porous media and to reduce viscous fingering and gravity segregation due to the low viscosity and the low density of the gas that makes foam a good gas mobility reducing agent. [8, 10, 11] Moreover, the capacity of foam to accumulate in high-permeability regions reduces gas by-passing by increasing flowing resistance and diverting gas in low permeability pores that improves the EOR process. [12, 13] The fundamental understanding of such mechanism is of high importance to better adjust surfactant formulation and extraction process.
Previous works have investigated the physical properties of foam in porous media using lab experiments in sand [14] , rocks [10] or micro-device [7, 11, 15] . Some were interested in the influence of fluid injected parameters on the foam morphology [11] or performance in term of mobility reduction factor [14] , and others on the flowing foam behaviour depending on the porous media geometry. [7, 11, 15] . Less study has been focussed on the influence of physicochemicals parameters on foam generation, aging and flowing. It is well known that, surfactant composition and dynamics, salt nature and ionic strength or pH [16, 17] are of crucial importance on the stability of bulk foams (3D-foams) or films. Moreover, for experiments of foam in porous media, chemical composition of the foaming solution is sometimes modified by salt or dye addition, in order to enhance phase contrast [11, 18] , or by viscosifying or gelling agent to reduce the foam dynamics (cf. aging). This work proposes a comparative study between a classical surfactant used as a model surfactant in EOR context, sodium dodecyl sulphate (SDS), [7, 8, 11, 15, 18, 19] and a pHsensitive surfactant used in metal separation processes, nonaoxyethylene oleylether carboxylic acid (AKYPO® RO 90 VG), [16, 20, 21] 
Materials and method

Microfluidic device
Standard soft lithography in PDMS (PolyDiMethylSiloxane) was used for the microfabrication, whose principle was previously described by Duffy et al. [22] Quasi 2D device with a constant depth (40 µm) was thereby obtained. Bonding of PDMS on glass with plasma cleaner [23] gives hydrophilic channel surface. Due to the reversibility of this treatment i.e. channel internal surface becomes hydrophobic after few hours, microfluidic device was renewed for each experiment.
Microfluidic devices used for foam flow experiments are composed of two entrances for gas and surfactant aqueous phase, a cross junction for bubble formation, a chamber for the foam observation of 1200 µm width and 3000 µm length, and a straight channel (60 µm width)
connected to the outside (atmospheric pressure) (see Fig 1) . The depth of the microchannel is constant and equal to 40 µm. Channel depth is 40 µm.
Experimental protocol
Entrance pressure above atmospheric pressure was applied for surfactant solution and gas using MCFS TM EZ 7000 mbar (Fluigent). PEEK (polyetheretherketone) flexible tubes of 59.2 cm length and 125 µm inner diameter were used to connect source pressure to gas and liquid inlets. Pressures considered below, named respectively P gas for gas and P water for surfactant solution are upstream applied pressures, above atmospheric pressures. All measurements were carried out when steady flow rate was reached (typically after 30 s). In each experiment, gas pressure drop was kept constant during the flowing (150 mbar or 300 mbar) and the surfactant solution pressure drop varies from to .
Each experiment was performed at least twice. Under such applied pressure and with such aspect ratio of the microfluidic device (1200 µm width and 40 µm depth ), no deformation of the PDMS cell is observed (no defocusing and no loss of sharpness on microchannel images). This is confirmed by the calculation of the deformation criterion , defined by Gervais et al. [24] , where is the pressure difference applied on the upper PDMS wall in the observation chamber (the lower glass wall is supposed not to distort) and is the PDMS Young's modulus ( ≈ 10 6 Pa). In the case of the maximum water pressure difference applied 1200 mbar and considering the hydraulic resistance of the microdevice, the pressure difference applied on the PDMS wall is found to be equal to 3 mbar, leading to a deformation criterion of 8.97 10 -3 smaller than one (see calculation in
Supplementary material). Accordingly, no deformation is expected at such aspect ratio and such applied pressure.
Chemicals
Foams were generated by co-injection of nitrogen gas and surfactant solution at around [15, 25] which means all the SDS/DOH mixtures solution prepared were above the alcohol solubility.
Surface tension of pure SDS solution and SDS/DOH mixture was obtained from the literature and presented in Table 1 . 
Image analysis and error estimations
A fast camera (800 fps) with optical microscopy were used for observations. Image analysis with ImageJ was used for the determination of bubble area (see The volume of the cylinder can be calculated as follows:
(
The volume of the piece of torus can be calculated using the Pappus-Guldinus theorem [26] which states that the volume of a solid of revolution generated by rotating a plane figure (half disc of radius ) about an external axis z is equal to the product of the area of the plane figure 2 and the distance travelled by its geometric centroid . The volume is then calculated as follows:
The real bubble volume of radius is the sum of and and is equal to:
It can then be calculated by replacing by . is determined from the apparent measured radius . When a bubble is illuminated in transmission by a diffuse extended light source, its image is a dark ring with a radius corresponding to the apparent bubble radius that can be calculated as follows: [27] ( 5) where is the critical angle of total light reflexion and is equal for water/air interface to 48.8° (see Fig.2 , c). In the case of a directed light source, by contrast, as is usually done for optical microscopy, the apparent radius can be taken to be equal to the real bubble radius .
The equivalent bubble volume used for the calculation of the areal liquid fraction corresponds to the volume of a cylinder with a radius and a height that is obtained from the projection of the dark ring on the whole height of the microchannel and is calculated as follows:
The two volume and can then be calculated from experimental apparent radius and microchannel and used to estimate the systematic volume error using the following expression:
The highest volume error on bubble is obtained in the wet limit regime where bubbles are the smallest ( = 39 µm) and is equal to 24.2 % per bubble. This error decreases with increasing bubble radius to 2.19 % for the biggest bubble ( = 397 µm) at = 1.15. For a given foam of volume and composed of bubbles, the gas fraction is defined as the ratio between the total gas volume (volume occupied by the bubbles) divided by the foam volume .
[1] The systematic relative error on gas liquid fraction between the measured areal gas fraction and the real volume gas fraction can then be estimated as follows:
The relative error on the gas fraction is thus equal to the systematic bubble volume error . The liquid fraction of a foam is finally defined as:
This leads to an absolute error on the measured areal liquid fraction between around 7 % for the wettest foam ( = 82 %) and 2 % for the driest one ( = 5.23 %).Therefore the measured areal liquid fraction can be considered as a good approximation to estimate the real volume liquid fraction of the foam inside the microchannel.
The error on pressure ratio was estimated using the law of propagation of uncertainty considering an error of ± 10 mbar on water pressure . This explains the increasing error on pressure ratio with decreasing water pressure.
Results and discussion
AKYPO® foam flow.
Foam flow experiments with AKYPO® solution at different pressure ratio and different pH with gas pressure of 150 mbar were first performed. As detailed in Quennouz et al. [11] diphasic flow regime is always obtained due to applied gas pressure exceeding Laplace pressure DP L at the cross junction (DP L = 31 mbar for non-wetting conditions, 60 µm in width and 40 µm in depth channel and for 37.5 mN/m in case of pH 10.1). These experiments allowed to obtain a phase diagram presented in Fig. 3 that shows the morphology of foam for each physicochemical conditions. This phase diagram clearly presents 5 different foam morphology regime already described in the literature: [11, 28] -Bubbly liquid ( < 0.6). The bubbles flow freely with no interactions between them. A sub-regime can sometimes be observed within this regime, called dripping, in which the bubbles are formed one by one.
-Wet foam (0.6 < < 0.9). Bubbles begin to interact with one another and an overall movement is observed. This regime can be recognized from the previous one by the liquid fraction of the dispersion. The inter-bubble film is thick enough to limit gas diffusion and hence ripening. The geometrical parameters, , and show the same trend (see Fig. 5, a, b and c). The bubble size increases when the ratio increases as previously observed with SDS foam. [11, 28] The comparison between the Feret's diameter and the equivalent diameter underlines that, under a pressure ratio of 0.8, bubbles are quite spherical (more precisely cylindrical due to the confinement) and becomes polyhedral after this value which is confirmed by the capture picture on Fig. 3 . After this value, bubbles become polyhedral that corresponds to the beginning of the dry foam regime ( ≈ 0.3 on Fig. 5, d) . The topology number (see Fig. 5 ,e) which represents the number of bubble rows is defined from the beginning of bubble interaction (wet foam) to lamellae flow. This corresponds to a pressure ratio of 0.55 with a topology number of around 7. Then, due to the increasing bubble size (see Fig. 5 , a, c and e) the number of rows decreases until it reaches 1 that corresponds to lamellae flow. The transition between three rows and two rows foam and two rows and one row foam occurs by T1 transition (bubble neighbour switching) sometimes called T1-wave (see inserts on Fig. 5, d ). [30, 31] After these two transitions, foam lamellae are not stable enough and break down depending on pH. The bubble number density curve (see Fig. 5, f) gives also interesting informations on foam transition when comparing with This means that, by increasing gas pressure the bubble number density increases until bubbles become close enough to be in contact with each other and then they become to grow through coalescence. In order to compare the structures and the topology transitions observed to previous works, the dimensionless channel width can be considered as suggested by
Claussen et al. [32] . Such a ratio, used by Claussen et al. to discuss emulsions topology can help to quantify phase diagram for a global view in different geometries and for different systems [30, 33] . w is plotted as function of areal gas fraction (see Fig. 6 ). The dimensionless channel width decreases linearly with increasing areal gas fraction related to the increase of bubble area. Similar results were already obtained for foam made with dishwashing detergent (mainly SDS) [30, 33] in a narrower channel. monodisperse emulsion droplets in a rectangular channel geometry based on a droplet surface energy model described by Claussen et al. [32] , and notably in the bamboo foam region at high areal gas fraction and low dimensional width. However, no zigzag packing described by
Claussen et al. [32] nor bidisperse bubbles flow described by Raven et al. [30, 33] were observed in the present geometry because they correspond to lower dimensionless width value (narrower channel). These results confirm the assumption that foam packing mainly depends on injection parameters and obviously to the channel geometry and bubble formation.
This first set of results reveals that, foam morphology depends only on the fluid injection parameters (pressure ratio) and channel geometry and is comparatively independent of pH. This last parameter plays a significant role on lamella stability in the case of a bamboo foam. By increasing pH, lamellae can be generated at high pressure ratio whereas in acidic conditions no lamellae are formed (see Fig. 3 ). repulsion that is known to stabilize foam thanks to the DLVO theory [17] by preventing the rupture of the film (transverse interactions) even if films are thicker than in acidic conditions, and seems to confer to the film a sufficient resistance to flow by giving the appropriate cohesive forces between surfactants at the liquid-air interface (lateral interactions). The information on micelle size suggests that lamella stability is not linked to a micelle stratification phenomenon [35] but one can imagine that smaller micelles could migrate more rapidly to the liquid-air interface during the film generation and counterbalance the surfacetension gradient more efficiently than the bigger ones which can be seen as a more efficient interface healing during the formation (cf. Marangoni effect). Lastly, another hypothesis could be that, surfactant in carboxylate form leads to a low value of the surface expansion modulus which facilitates the surface stretching during lamellae generation whereas in its acidic form the surface provides a solid behaviour (high-surface coverage and high expansion modulus) which makes it easy to break. [1] The effect of pressure amplitude on 2D-foam generation and morphology was investigated by changing the gas pressure to 300 mbar. The corresponding foam phase diagram is presented in Fig. 7 . It clearly presents the 5 different foam morphology regimes previously described at 150 mbar gas pressure. However the second transition regime frontier (vertical dashed line) is shifted to lower pressure ratio values and the foam lamellae domain is reduced and begin earlier partly due to an increase in bubble size with gas pressure increase that can be seen by comparing Fig. 3 and Fig. 7 . Moreover, the effect of pH on lamella stability is still observed. A wetting film (or equivalent 2D Plateau border) thinning in the corners of the microchannelis also observed for high pressure ratio and pH. As pressure ratio increases, the remaining liquid left decreases on the small wall of the microchannel (40 µm) as it can be seen on Fig. 7 , and by comparing with Fig. 3 . This phenomenon cannot be observed on the large walls (1200 µm) of the microchannel with this experimental setup but the same behaviour is expected for various reasons (drainage, convection, relatively less water phase volume is injected, etc.). These observations are in agreement with Bretherton's work.
[36] This shift in lamellae formation domain may be induced by the increase in gas pressure value. Previous work on flow-focusing geometry with commercial dishwashing detergent (Dreft) and nitrogen had demonstrated the influence of gas pressure on bubble flowrate and foam morphology. [33] By increasing the gas pressure, bubble flow rate increase and a rearrangement of bubbles from two bubble rows to one is observed associated with a gas pressure drop. This phenomenon is highlighted by the comparison between Fig. 3 and Fig. 7 which clearly shows this transition morphology induced by increasing gas pressure.
In addition, the absence of lamellae at high pressure ratio, even at high pH (12.0), can be explained by the generation dynamics. The lamella formation (expansion) is too quick compared to the adsorption dynamic of the surfactant which leads to an unstable lamellae and thus to a reduction of their domain. [1] Further dedicated study is require in order to better understand this phenomenon considering AKYPO® diffusion coefficients (around 2.4x10 -9 m 2 /s) [15] and the bubble formation time at high pressure ratio.
Finally, these two different experiments have shown that, the foam morphology in the microfluidic device is mainly controlled by the pressure ratio and gas pressure value whereas the stability of the foam lamellae depends on surfactant properties that can be tuned for example by pH.
Comparison between AKYPO® and SDS 2D-foams.
Foam flow experiment with SDS at 17.33 mM was performed with a gas pressure of 150 mbar. Dodecanol (DOH) was used to change the interface behaviour of SDS. DOH is known to form mixed monolayers with SDS at the air-water interface increasing the surface viscosity. [37, 38] The concentration ratio vary from 0 to 1 and for high dodecanol concentration precipitates are formed (see Fig. 8, b) due to low dodecanol solubility and the solution becomes opalescent (the effect of precipitates on foam stability was no studied here).
[39] The corresponding phase diagram is presented in Fig. 8 , a. As previously observed with AKYPO®, the phase diagram presents the 5 different foam morphology regimes. Nevertheless, dodecanol seems to have a low impact on lamellae stability because it does not alter the lamellae preponderant domain when its concentration increases (lamellae always formed at = 3). Furthermore, for high dodecanol concentration, lamellae shape is altered to a double bump shape. This can be explain by the low water solubility of dodecanol, around 0.02 mM (≈ 4 mg.L -1 ) [25] and the formation of solid needle-shape precipitates observed in the flow-focusing channel (see Fig. 8, b) .
Precipitates adsorb to the interface and are transport by the lamella into the Plateau border on channel wall. This centered double bump shape is mainly due to the geometry of the microchannel device, the generation process and the pinning of foam films due to the deposited precipitates. They accumulate in the injecting channel of 2700 µm length (see Fig.   8 , b) at the entrance and are driven by freshly formed lamella which undergoes a kind of lamellar division process [40] when entering in the foam observation chamber. 
where is the pressure difference on both sides of the foam lamella. The first principal radius of curvature corresponds to the radius along the confining plates, whereas the second principal radius of curvature may vary between the cell depth (20 µm) and infinity. Such curvatures correspond to pressure drops respectively of 18 mbar and 0 mbar for a 36.08 mN.m -1 (see below). This second curvature could not be measured in the present experimental configuration, but the first one is partially characterized quantified through the radius of curvature along the confining plates (view from above the top plate, see Fig. 9 ). This curvature radius can be related to the pressure difference of both side of the foam film and a viscous drag force through the viscous froth model as follows [41, 42] : (12) where is a viscous drag force and is the film velocity component along the film normal. for AKYPO® it is between 0.11 and 2.02 mbar for 6.5 mm and 374 µm curvature radius respectively (see Fig. 9, b) . We could not measure film velocity here, but these results show that, considering a similar film velocity between the two surfactants due to same injection gives rise to a solid monolayer that could impact the surface viscoelasticity by increasing the elastic modulus which could lead to a lower flow (or pressure gradient) resistance and then to lamellae breakdown. Moreover, the area per head group for AKYPO® at pH 12 is 96.9 Å 2 [16] and is higher than the area per head group of SDS which is approximately equal to 60 Å 2 . [44, 45] This means that, the surface excess of AKYPO® is lesser than SDS which induces a lesser surface viscosity [6, 38] and then flow resistance.
Finally, AKYPO® offers the possibility to tune the lamellae stability by varying pH and to generate foam lamellae in basic condition at higher pressure ratio than SDS.
Conclusion
This comparative study between SDS and AKYPO® RO 90 VG at 17.33 mM using microfluidic has demonstrated that, foam generation and morphology depend strongly on the injected fluid parameters such as gas and liquid pressure and are quite independent of physicochemical parameters such as pH and dodecanol concentration. The simple used micro-device has highlighted the five principal foam flow morphologies previously described for SDS surfactant but newly observed for AKYPO®. The impact of the physicochemical parameters was highlighted in the lamella regime at high pressure ratio, underlining the fact that, AKYPO® foam becomes more stable in basic conditions due to deprotonation of the surfactant head group which increases the disjoining pressure by electrostatic repulsion in the lamella. In other hand, the addition of dodecanol in SDS solution, known to increase the interface viscosity, has only a slightly impact on the flowing lamellae except at high concentration where lamella's shape becomes double bump due to the accumulation of surfactant (and co-surfactant) in the front of the bubble.
The comparison between these two surfactants has pointed out some differences in the lamellae shape and stability domain. AKYPO® at pH 12 allows to form lamellae even at very high pressure ratio whereas SDS lamellae break down. Furthermore the AKYPO® lamella curvature radius increases when pressure ratio increases whereas that one for SDS keeps almost constant. This difference is attributed to the surfactants solubilities and structure.
These particular and tuneable properties of AKYPO® make it a potential candidate for oil extraction in EOR context [34] as diverting agent or gas mobility control agent due to its capacity to form lamellae at high pressure ratio in large micro-channel (1.2 mm width).
This study reveals the crucial relevance of physicochemical parameters on flowing foam in porous media that are sometimes ignored on EOR experimental studies [10] or modified by the native rock oil reservoir. Perspectives of this work will be studies on other physicochemical parameters such as ionic strength, nature of salt or temperature that has been already studied on 3D-bulk foam, [16, 46] as well as in the presence of oil in order to better understand the oil/foam interaction in porous media.
